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ABSTRACT
In the topside ionosphere, where electrons, ions, and neutrals are not in
thermal equilibrium and where [H+] << [0 + ] , the altitudinal distribution of pro-
tons in diffusive equilibrium deviates strongly from that in chemical equilibrium
through charge-exchange with 0% The particle continuity equations for H + and
0+ and the energy continuity equation are solved simultaneously by means of a
computer program. The processes included are photoionization, charge-
exchange, ambipolar diffusion along magnetic field lines, heat conduction, local
and nonlocal heating, and heat loss from ions to neutrals. The ion composition
and plasma temperature along various field 'Lines are derived and studied by
adopting electron density and temperature from Explorer XXII measurements
(1000-km altitude, vernal equinox) as boundary conditions. The 0 + - H+ com-
position transition region at middle and low latitudes is fully described. It is
found that a neutral hydrogen concentration of 2 x 10 5 /c^ at 500 km is required
to make the calculated electron density consistent with satellite measurements
of electron density at 650 km. A latitudinal variation of the ion composition
arises primarily because of the latitudinal variation of the electron temper-
ature. The ion transition level at 800 km around the equator increases to
1000 km near 40 0 latitude during midday. During nighttime, the transition
level decreases to approximately 600 km be(.ause of the decrease of electron
temperature and neutral oxygen concentration. Solving the energy equation for
the plasma temperature shows that the temperature gradient along field lines is
a function of latitude. The temperature decreases for example along the equa-
torial field line that passes through the equator at 1000 km and increases along
the 40° field line. This causes the equatorial trough of the electron temperature
shown from Explorer XXII and also explains the latitudinal variation of the cal-
culated ion composition, which in turn agrees with OGO-C and other ion com-
position measurements.
*NAS-NRC resident research associate
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ON THE ION COMPOSITION AND TEMPERATURE IN THE
TOPSIDE IONOSPHERE
INTRODUCTION
From satellite experiments (H. Taylor et al, 1966) in the topside ionosphere,
evidence arises for the latitudinal variation of the ion composition. At a con-
stant altitude, the proportion of oxygen ions is greater at higher latitudes and,
accordingly, that of hydrogen ions is less. This tendency is less pronounced at
night. The main purpose of this paper is to study theoretically this behavior of the 	 ,
ion species; which, in view of the different ion masses and correspondingly
different scale heights, is also of interest in understanding the electron density
variation in the topside ionosphere.
Brace and Reddy (1965) and Brace, Reddy, and Mayr (1967) derived latitu-
dinal electron density and temperature profiles from the electrostatic probe
experiment on Explorer XXII. The results show that the density is relatively
high at the equator, and falls off toward increasing latitudes in the daytime. At
night, an electron density trough develops at the equator, and enhancements
form at middle latitudes. The temperature measurements show a shallow mini-
mum at the equator in the daytime and a broad, trough during nighttime.
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Figures 1 and 2 show the Explorer XXII observations of T and N. Brace,
Reddy, Mayr, 1967). Close to the equator, where the Explorer XXII orbit is
parallel to the geomagnetic field, spatial derivatives from the latitudinal varia-
tion of Te
 and N. were assumed equal to those along the field line. Employing
these derivatives and the available time gradients in the motion -ind energy
equations for field-aligned particle and energy transports Brace, Reddy and Mayr
came to the following conclusions for the equatorial region at 1000 km.
1. In order to understand the latitudinal and local time variations of the
electron temperature and density near the equator at 1000 km, the local
energy loss from protons to hydrogen atoms had to be considered as a
major cooling process. A neutral hydrogen concentration in the order.
of 10 5/cc was regai:red to produce the observed temperature trough.
This concentration exceeds considerably that given in the Harris and
Priester (1964) model. The energy input was assumed to be the result
of an escape flux of fast electrons of the order of 10 8/cm 2 /sec, and
protons were assumed to be the predominating ion species.
2. The concept of diffusive equilibrium was proved valid, even for the
dynamic periods after sunrise and sunset. On this basis, latitudinal
variations of temperature and density were found to be mutually self- 	 -
consistent at the equator. It was shown that the temperature minimum
there during daytime contributes to the latitudinal density maximum
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observed at the equator, implying a negative temperature gradient along
the corresponding field line.
These immediate deductions from Explorer XXII data are valid to the de-
gree that latitudinal variations around the equator actually represent variations
along field lines. Secondly, these deductions are restricted to the equatorial
region at 1000 km, and they depend on the assumption of a single-ion species
(protons) at the equator. The desire to escape from these restrictions led to the
investigation described here.
We shall derive in this paper the spatial distributions of electron density
and temperature, and of oxygen and hydrogen ions by solving the particle and
energy continuity equations. In the following section, we describe these equa-
tions and the conditions under which they were solved.
THEORETICAL DISCUSSION
Energy Balance
Through an analysis of Explorer XVII data Brace, Spencer and Da.lgarno,
(1965) showed that above approximately 500 km, ions and electrons are in thermal
equilibrium. We adopted this result as an assumption for our study since it
leads to drastic simplifications in the energy and diffusion equations. We
realize, however, that the applicability of this assumption depends not only on
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altitude but also on latitude, local time, and solar activity. We will discuss this
question more thoroughly in a later paper.
For the energy input into the electron-ion gas, we apply a very simple de-
scription of the heat sources. Following Geisler and Bowhill (1965) we assume
that above 300 km, the local heating rate decreases with the scale height of the
neutral oxygen concentration. Thus the heating rate is given by q [0] , where q
is a constant. The nonlocal heating, which becomes significant above 300 km
(Geisler and Bowhill, 1965), we assume is due to a flux of fast electrons, F.
These electrons, with energy W, travel along field lines and impart some of
their energy to the ambient electrons by means of coulomb collisions.
Following Dalgarno et al, (1963), the rate of heating per fast electron is
assumed to be
aW	 KNe
'as 
	
W cos I
where
s	 = distance on a field line,
K	 = 1.95 X 10- 12 eV Z cm2
Ne = electron density,
I	 = pitch angle.
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For a first approximation we assume that F is constant in view of the large
range of fast electrons (_ 10 4
 km). This leads to the energy input in the form
2FKNe
Wcos I	 pNe+
where the factor 2 is due to fluxes from both the northern and southern hemi-
sphere. Furthermore, we assume, that W and I, and thus p are constant.
The two energy terms, q [0 1, pN e , represent the energy input into the electron-
ion gas as direct and indirect consequences of the solar W radiation. They
contain uncertainties with respect to the heating efficiency and the fast electron
flux, so we considered the constants q and p as para7iLeters to be determined.
For the heat transport within the electron-ion gas we applied the heat con-
duction of the electrons along the magnetic field which, according to L. Spitzer
(1956), is much more effective than that of the ions.
As a cooling mechanism, the energy loss via elastic collisions from ions
to neutrals was taken into account. From Brace, Spencer and Dalgarno, 1965,
the energy loss is given by
Kx+y [X+] (Y] ( T i - TO,
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where
Kx+y = coefficient for the local energy loss between ions and neutrals,
[Y] = density of the neutral component Y which is in diffusive equilibrium.,
X+] = density of the ion component X+,
T i = ion temperature,
T„ = neutral temperature.
It turns out that the rate coefficient Kx+y for this energy transfer depends very
strongly on the ion and neutral spe:sies involved in it. For example, the energy
loss from hydrogen ions to hydrogen atoms is most effective and exceeds by two
orders of magnitude that from oxygen ions to hydrogen atoms and by a factor of
4.4 that from oxygen ions to oxygen atoms.
The light constituents become predominant in both the neutral and charged
components of the atmosphere above approximately 500 kilometers. Therefore,
in spite of the decrease of the neutral density with altitude, the local cooling of
the plasma remains comparable to the fast electron heating up to relatively hie
altitudes. The difference between heating and cooling produces an appropriate
electron temperature gradient through thermal conduction. Thus, knowledge of
the ion composition is required in employing the energy equation to calculate the
temperature profile. Conversely however, the study of Explorer NMI data (Brace,
Reddy, and Mayr, 1966) suggested that the temperature variation effectively
controls the ion distribution. Because of this interaction of thermal and
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compositional factors, a "chicken or egg" question arises. We avoid this qoes-
tion by solving the energy and particle continuity equations simultaneously.
Particle Balance
Ion composition measurements show, that in the region above 500 km,
oxygen and hydrogen ions are the dominating ion constituents for minimum solar
activity (Taylor, et al, 1966). Thus we must consider resonance charge transfer
from oxygen ions to hydrogen atoms and from hydrogen ions to oxygen atoms as
the primary source and sink of protons (after Johnson, 1960). Within the region
where H + is a minor const , o.ent compared with 0% the altitude distribution of
H + for chemical equilibrium coincides with that for diffusive equilibri , .m (S.
Bauer, 1965) when T e = T i = Tn . This coincidence results in the following
simplification of the continuity equation. For a stationary condition, the con-
tinuity equation of the hydrogen ions is given in the form
div j H + + 8 R [0+ 1 [H] •- R [1i + 1 (01	 = 0,	 (7)
where
j = transport flux,
R = rate coefficient for charge exchange between hydrogen and oxygen
lOAB (^.^ x 10 -12 1112 CM3 15AC-1),
Equation 1 takes into consideration the transport and charge exchange prod s-us.
We can distinguish three different regions in order of increasing altitude.
In the lowest region, the charge exchange process predominates, and the proton
concentration can be derived from
8 R [0
+ 1 [H] - R [H+ 1 [01 = 0.	 (2)
Then follows a region in which both transport and chemical processes are of
comparable importance. Therefore, the hydrogen ion density is determined by
the complete Equation 1. Finally, the highest region is one of fast diffusion
where the proton distribution can be derived from
div j H+ = 0	 (3)
If, as cited before, Equations 2 and 3 lead (for the same boundary condition)
to the same proton distribution, then a solution of either Equation 2 or Equation 3
satisfies Equation 1, as long as the condition
[H+ 1 << [0+ 1 	(4)
is valid. It was shown by Hanson and Ortenburger (1961), that the region of fast
diffusion starts where oxygen ions are still the major constituent. if thermal
equilibrium (Te = T i = T, ) existed, the coincidental agreement between the H+
slopes for diffusive and chemical equilibrium would allow us to apply the equa-
tion for diffusive equilibrium throughout the topside ionosphere. However, this
8
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very simple behavior does not occur in the ionosphere where electron, ion, and
neutral temperatures are different. In this case the proton distribution for
chemical equilibrium differs from that for diffusive equilibrium.
We assume that electrons and ions are in thermal equilibrium at a tempera-
ture T  which does not vary with altitude and is different from the neutral gas
temperature Tn . The neutrals are assumed to be in diffusive equilibrium, and
we assume that (4) is fulfilled. Following S. Bauer (1965), the altitudinal varia-
tion of H+ in diffusive equilibrium becomes
z-z
a
kT
[H+ ] _ [H+] O exp (:7
 
m g	 (5)P
where
Z = altitude,
k = Boltzmann ' s constant,
Te = electron temperature,
MP = proton mass,
g = acceleration of gravity.
Employing the equation of chemical equilibrium (2) leads to a proton distri-
bution
9
[H+1 = 9 [H] [0+ 1 =8	 [01
(z Z.) 
(15T e — 8Tn)
9 [H] 0 [0+1 o	 k Te Tn
8	 [01 o 	exp	 mP g	 (6)
Transforming Equation 6 into a form similar to Equation 5, gives
(Z—Z.)
k Te*
[H+ 1 = [H +] o exp	 7 m g	 (6a)P
with
7 Te Tn
Te*
	
(15Te - 8TH)'
For chemical equilibrium the reduced temperature T e * corresponds to Te
in diffusive equilibrium. The correlation of Equation 7 is shown in Figure 3.
With increasing difference between Te and Tn, the difference between Te and Te*
increases. For example, with Te = 2000°K. and Tn = 1000°K., Te * = 636°K.
Thus, for this quite typical condition, the scale height of the hydrogen ions in
diffusive equilibrium is larger by approximately a factor of 3 than that for
chemical equilibrium. From this we conclude that the lack of complete
equilibrium between electron, ion, and gas temperature is an important factor
Wr
(7)
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in describing the behavior of the topside ionosphere. The consequence of this
primarily concerns the region described by Equation 1, where it is obvious that
the concept of diffusive equilibrium must be dropped. Here chemical and trans-
port processes become coupled, and the entire continuity equation (1) must be
solved.
An effect of the charge-exchange reaction becomes evident in the electron
density variation with local time at 1000 km (Figure 2). At magnetic latitudes
close to f40°, the electron density increases significantly from daytime to night-
time. In the charge exchange region, described by Equation 6, during nighttime
the oxygen density decreases much faster than the 0 + and H+ concentrations.
This causes the proton density to increase and this contributes to the midlatitude
enhancement of N e. Another factor associated with the nighttime N e enhance-
ment at midlatitude is the electron temperature decrease which causes a down-
ward redistribution of the ions in the protonosphere. The question then arises
as to what degree charge-exchange reactions and the temperature variation
contribute to this observed midlatitude enhancement. This is another reason to
calculate simultaneously the energy and the continuity equations, including the
charge-exchange process. In addition we include in the continuity equation the
photoionization rates Po and PH for neutral oxygen and hydrogen.
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Boundary Conditions
The ion continuity equations, as well as the energy equation, are second-
order differential equations. For the one-dimensional approach (transport and
conduction occurring along field lines), we need two boundary conditions for each
equation. One of the boundary conditions is given directly if we postulate that
our solutions be symmetrical with respect to the equatorial plane (an approxi-
mation of the equinox condition). In this case, all first derivatives of scalar
quantities and all vector components along the field line are zero at the equator.
For the second boundary condition, the electron temperature must be known, as
well as the hydrogen and oxygen ion densities at some level.
In the region of near chemical equilibrium for hydrogen ions, the diffusion
term (div j H +) in the continuity equation is small. Consequently, a definite cor-
relation exists in this region between the oxygen and hydrogen ion concentrations
as can be seen from the continuity equation written in the form,
LH +] = R[O1 (- div j H + + PH + 8 R [0+ ) LHj 	 (8)
Thus 0+ and H+ are not independent, and therefore we require only a single
boundary condition. For this we chose the electron density at some point on the
field line. The values of T e and N e employed here are those measured from
Explorer XXII at 1000 km at equinox (Figures 1 and 2).
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Review of the Approach
The basis of our calculation can be summarized as follows:
_	 1. The physical processes entering the ion continuity equations are:
a. Charge exchange between [0 + ] and [H+ ] ,
b. Photoionization of [0] and [H] ,
c. Ambipolar diffusion along geomagnetic field lines.
2. The physical processes involved in the energy equation are the following:
a. Heat conduction of electrons along field lines,
b. Local heating due to photoionization,
c. Nonlocal heating due to fast electrons escaping the F-region,
d. Local loss from ions to neutrals.
3. Te is assumed equal to T i at altitudes considered here (>500 km).
4. The continuity equations for the ion densities are solved simultaneously
with the energy equation. Thus, the resulting density and temperature
distributions are made consistent.
5. We assume steady-state conditions for an equinox period. During
equinox, equatorial symmetry can be assumed, and therefore vector
quantities parallel to the magnetic field and first derivatives of scalars
13
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along a field line are zero at the equator. This represents an initial
set of boundary conditions.
6. I jr the second set of boundary conditions, we employ the electron
density and temperature measured at some level (Explorer XXII at
1000 km at equinox). In the region in which hydrogen ions are in near
chemical equilibrium, the oxygen-hydrogen ion correlation of Equa-
tion 8 provides the necessary additional boundary condition required
to solve for both ion distributions.
SOLUTION OF EQUATIONS
The continuity equations for the two ion constituents are
a 2-	 a	 [H+] vH +
a t [H
+ 1 
= PH + 8 R [H] [0+ 1 - R[H + 1 [01 - B 
'as 
	 B	 0	 (9)
and
a	 9	 a	 10+1 vo+
a t [0
+ 1
 = Po - 8 R [H1 [0 + 1 + R [H + 1 [01 - B as	 g	 = 0	 (10)
where
s = distance on a field line,
t = time,
v = macroscopic transport velocity, parallel to the magnetic field.
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B is a function proportional to the intensity of the magnetic field. It is given by
B = 3 • ( 1 + 3 sine
r
where
r = geocentric distance, and
X = geomagnetic latitude.
This function accounts for the divergence of the magnetic field. The first terms
in (9) and (10) express the photoionization rate, the next two terms the charge-
exchange process, and the last one the transport process along the magnetic
field.
Adding Equation: 9 and 10 leads, after integration, to
OS
(PO + PH
LH + 1 vH + + [0 + 1 vo + = B	 B
	
us = C (s)	 (11)
g
in which s e is the field line distance to the equator: In Equation 11 some of the
following equatorial boundary conditions are already applied.
VH + = vo+ = f = X = 0
aN e 	 a[0+1
	 'a [H+ 	 aTe
=	
= 0 J s = s e .	 (12)as	 as	 =	 as	 = as
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where
f = acceleration parallel to the magnetic field due to gravitational and
centrifugal forces.
The equations of motion for the ions are,
0H +o+ [H+ 1 [0+ 1 (v 0+ - vH +) + 0 O + n [0+ 1 Nn vo+ _
a
- k Te 
a s [0+ 1 - k [O+1 a 
Te
ass + [O+ l mo+ f + e[O + 1 E,	 (13)
0H +o+ [H+ 1 10+ 1 (vH + - vo+) + eH + „ [H+ 1 Nn vH + _
aT
- k Te ass [H+1 - k [H+ 1 a S + [H + ] mH + f + e [H+ 1 E,	 (14)
and for the electrons
a	 aTe
- kTe a s N. - kNe -as
 + N e me f - eN e E = 0,	 (15)
where
Nn = neutral density,
assuming ambip )lar diffusion along field lines and assuming that drag forces
between electrons and heavier constituents can be neglected. The coefficient 
Bxy
is related to the diffusion coefficient Dxy according to exy =	
kT
 1X1 + [Y1 Dxy
Substituting Equation 15 into Equation 14 and eliminating the electric field and
considering me << mH +; gives
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BH+p+ [H+ ] [0+ ] ( VH + — vp+) + eH+n [H+ ] Nn vH + =
a	 [H+1 aN	 aT
- kT e a s [H+] - k TO N	 B s - 2k [H+] BS + [H + ] MH + f-	 (16)e
Introducing (11) into (16) results in
[H+] vH* _ - (gH +p+Ne + eH+.N^) kT e a s [H+]
	
Te [H+ ] a	 aTe
+ k	 N	 a s Ne + [H+] 2k a s - MH + f - BH+p+ C 	 (17)e
This leads in connection with continuity Equation 9 and considering conditions 12,
to
a	 [H+] aNe 	aTe
	
kTe as [H+] + kTe N	 as + [H + ] 2k aS - rt1H + f - Bp + H +C =e
a
(6p
+ H +Ne + 6p +^ N.) B	 B (
/
	
 
+ 8 R [H] [0+ ] - R [H+ ] [0] d s.	 (1S)
 
`1.
P.
The corresponding relationship for oxygen ions was derived in a similar way,
giving
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a	 [o+) aN e	aTek Te a s [0' ] + k Te N
	
-as + [0+ J 2k a s 
- ^+ f - Bo + H + C =N o
s0
( Bo + H +N Q + eo + n Nn) B	 g Po- 8 R [H ] [0+ ] + R[H + J [0] d s. ' 	 (19)
With the consideration that N  
= 10+ ] + [ H+ ] , we have transformed the
foregoing relationships into integral equations and solved them numerically by
means of an iterative approximation, assuming that the temperature variation is
known. The boundary conditions were adopted as described in the previous
section.
Assuming that T i = Te and adding the energy equations for electrons and
ions leads to the energy equation for the electron-ion gas:
a	
a	 Tess aTe
3k dt (N e T e ) = KB a s
	 B	 'as + pN e + q [0]
LKK +Y [x
+ ]
 [y] (T.
 - TO = 0.	 (20)
xy
where
K = Coefficient of the thermal conductivity of the electron gas parallel
to the magnetic field.
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P	 = Coefficient for the non-local heating rate,
q	 = Coefficient for the local heating rate,
K x+Y = Coefficient for the local energy loss between ions and neutrals.
The first term represents the heat conduction; the second one expresses the
energy gain of the electron gas from fast electrons (nonlocal heating); the third
term represents local heating due to photoionization; and the last term repre-
sents the local energy loss from ions to neutrals.
We then transformed Equation 20 into an integral equation and solved it
numerically by means of an iterative approximation employing the ion composi-
tion derived from Equations 18 and 19. The coupling of the energy and continuity
equations was accomplished as follows.
First, we assumed that the temperature is constant along the field line and
equal to the boundary value given by Explorer XXII. From this, we derived the
ion composition by employing Equations 18 and 19. Using these ion distributions,
we obtained from Equation 20 a corrected temperature profile which we substi-
tuted into Equations 18 and 19, and so on until a suitable precision was obtained.
The numerical computation was accomplished on a digital computer.
In the following sections we present the results from a few calculations
which provide some quantitative insight into the dependence of the ion composi-
tion on variations of energy input and neutral composition and we compare them
with experimental results.
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RESULTS
To permit comparison of the theory with recent measurements of ion com-
position, we have calculated the composition and temperature distribution along
several field lines. The resalts for two of these field lines, L = 1.16 and
L = 1.84, are described in detail. The shorter field line was chosen because it
crosses the equator at the Explorer XXII orbit altitude; therefore we call it the
equatorial field line. The longer field line was selected to permit study of the
pronounced nighttime electron density enhancement observed by Explorer XXII
at some 400 geomagnetic latitude. Thus we call it the midlatitude field line.
As indicated earlier, the boundary conditions used were the electron density
and temperature values at 1000 km from Explorer XXII data (1965 vernal equinox,
Figures 1 and 2). Furthermore, we adopted the Harris and Priester model 2
(F = 75) for the neutral temperature and oxygen concentration. The neutral
hydrogen density, a quantity of high uncertainty, was a free parameter to be de-
termined. It will be seen that the concentration of neutral hydrogen sensitively
controls the temperature and composition along geomagnetic field lines, there-
fore we assume a value which is consistent with other satellite measurements.
A value of 2 X 105 /cc of neutral hydrogen at 500 km was required to provide
good agreement between our calculated electron density and Tiros VII measure-
ments at 650 km (Reddy, Brace, and Findlay, 1967). Figure 4 illustrates this
agreement which is good, considering the two year difference between Tiros and
Explorer XXII measurements. This value is about half of the value of neutral
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hydrogen derived in the earlier paper on Explorer XXII results (Brace, Reddy,
and Mayr, 1967).
For the energy input, we assumed a fast electron flux of 5 x 10 7 cm 2 sec- 1
consisting of 10 eV electrons having zero pitch angle. This is in the order of
the flux given by Hinteregger et al, (1963). Furthermore we assumed the local
heating rate at 500 km to be equal to the nonlocal heating rate resulting from
the fast electron flux, which is consistent with a result of Geisler and Bowhill,
IS65.
The foregoing assumptions concerning the neutral atmosphere and the
energy inputs we will hereafter refer to as "realistic". Ion and temperature
distributions resulting from the calculations employing these "realistic" as-
sumptions are shown with heavy lines in Figures 5 through 8 for the two field
lines, daytime and nighttime. We regard these distributions as representive for
solar minimum and shall discuss them further in a later portion of this paper
by comparing them with satellite ion measurements
In addition, a parametric study is presented with the aim of providing some
quantitative insight into the dependence of our results on the energy input and
the neutral atmosphere. '1 ne study shows the sensitivity of our results to the
inputs and assumptions and thus provides some physical understanding of the
effects bserved. Table I shows these various assumptions and inputs to the
calculations which resulted in distributions labeled a through h in Figures 5
through 8. In the following section we discuss these cases.
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Table I
PARAMETRIC STUDY
Case Condition
Fast Electron Flux
(cm- 2 sec - 1 )
1500 km
(cm-3) [01 50-3 km
Figure
a Day-Equatorial 5 x 10 2 x 10 5 H& PDay 5
(realistic)
b Day-Equatorial 0 2 x 10 5 H& PD 5& y
c Day-Equatorial 5 x 10 7 4 x 105 H& PDay 5
d Day-Midlatitude 5 x 107 2 x 10 1 H& PDay 6(realistic)
e Day-Midlatitude 0 2 x 105 H& PDay 6
f Night-Equatorial 0 2 x 10 5 H& PNight 7(realistic)
g Night-Midlatitude 0 2 x 10 5 H& Pig ght 8
(realistic)
h Night- Midlatitude 0 2 x Jo s H& PDay 8
Parametric Study
Figure 5 illustrates three cases (a, b, c) of the daytime equatorial field line.
Case a: Ion concentrations and temperature are plotted versus altitude along
the equatorial field line. The heavy lines represent the "realistic" situation
described earlier. As this result shows, the ion composition transition level
where [H + J = [0+ 1 occurs at approximately 830 l:n. Furthermore the electron
temperature decreases along the field line toward the equator. This implies
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that the energy loss from ions to neutrals exceeds the heat gain through local
and nonlocal heating. It is found in a calculation, whose results are not shown
here, that doubling the fast electron flux would lead to a temperature increase
along this field line because the resulting energy gain would then exceed the local
loss from ions to neutrals.
Case b: To permit quantitative study of the effect of the energy input, both the
local and nonlocal heating were assumed to be zero. Thus the heat loss from
ions to neutrals is entirely balanced by heat conduction, which produces a sig-
nificantly stronger temperature decrease than observed with the normal flux in
case a. The electron and ion distributions are not significantly changed by the
reduction in energy input.
Case c: In order to study the effect of neutral hydrogen, we assumed a concen-
tration of 4 x 10 S /cc at 500 kra, twice the "realistic" value, while the other as-
sumptions remain "realistic". Comparing temperature and density distributions
in case a and c reveals the effect of the increase of neutral hydrogen. The
temperature decrease is more pronounced than either in case a or b and the Ne
gradient is smaller. This change in the temperature profile is due to the in-
crease of the local heat loss to the neutral hydrogen component, which is very
effective in cooling protons. Secondly it is due to the change in the ion composi-
tion toward an increased relative concentration of protons, which are more
efficient than oxygen ions in cooling to neutral hydrogen. This latter enhancement
23
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in the hydrogen ion concentration is produced by the increased neutral hydrogen
density through the charge exchange reaction. As a further consequence of in-
creasing neutral hydrogen, the temperature increases at lower altitudes and
causes an increase of the oxygen ion scale height in the lower region. Both
effects together lead to the appreciable decrease in the electron density at lower
altitudes. This example illustrates the sensitivity of the ion composition to the
neutral hydrogen density which enabled us to determine the "realistic" value of
neutral hydrogen by comparing our results with Ne measurements at 650 km
from other satellites.
Figure 6 illustrates two cases (d, e) of the daytime midlatitude field line.
Case d: In this case ion and temperature distributions are shown up to an alti-
tude of 1800 km along the midlatitude field line. As before the heavy lines
represent the "realistic" situation. Thus the same assumptions are employed
as in case a on the equatorial field line. As seen from this result, the ion transi-
tion level occurs at approximately 1000 km for a latitude of some 40° corre-
sponding to this field line. This is a significant change if one considers that
this transition occurs at approximately 800 km near the equator (Figure 5),
which reflects the relatively strong latitudinal variation of the ion composition.
To study the effect of the latitudinal temperature variation, we calculated
the ion distribution along the midlatitude field line using the equatorial electron
24
ntemperature from Explorer XXII instead of the actual midlatitude value. This
lower temperature causes the transition level on the midlatitude field line to
decrease to nearly the same altitude as it was on the equatorial field line. There-
fore we can conclude, that the latitudinal variation of ion composition is pri-
marily due to the latitudinal variation of electron temperature, shown in Figure 1.
Examining the altitude variation of the electron temperature in Figure 6
reveals that the temperature increases with altitude along the field line reaching
a maximum value of 2700°K at the equator. Comparing this temperature profile
with that along the equatorial field line (Figure 5, case a) shows that an inversion
of the temperature gradient occurs between these two field lines. One can see
an altitudinal temperature decrease along the equatorial field line and a tem-
perature increase along the midlatitude field line. A simple discussion of the
energy continuity equation (20) may help to explain this situation. Rewriting
Equation 20 in the simplified form
D2 T 7/2
e
const. x	 =
a 2
L - G
	 (20a)
s
shows that the heat conduction term on the left-hand side must balance the dif-
ference between the local energy loss, L, and the energy gain, G. Apparently
along the equatorial field line, the local loss exceeds the gain, and the conduction
term is positive. Therefore, because of symmetry with respect to the equator, T,
exhibits a minimum there and thus must decrease approaching the equator.
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On the midlatitude field line, however, the energy gain exceeds the heat
loss above 2000 km because the neutral density decreases more rapidly with
altitude than does N e
 . This situation makes the conduction term in Equation 20a
negative at the equator, which intersects the midlatitude field line near 5000 km.
Consequently Te must have a maximum along this field line at the equator and
thus the temperature along the midlatitude field line exhibits a positive gradient.
Case e: Analogous to case b in the previous study, case a shows ion and tem•-
perature distributions along the midlatitude field line assuming the energy inputs
to be zero, but keeping the other conditions "realistic". Again as in case b for
the shorter field line the temperature decreases when the flux is removed. The
ion composition is only slightly affected by this change in the temperature dis-
tribution, a result also evident for the equatorial field line.
Figure 7 shows ion and temperature distributions for the equatorial field
line for the "realistic" nighttime conditions.
Case f: The Harris and Priester model was employed, except for the concen-
tration of neutral hydrogen for which we adopted the daytime value, 2 x 105/cc.
This reflects the lack of diurnal variation of hydrogen indicated by the model.
Heat input was assumed zero.
As expected, the temperature decreases along the field line approaching the
equator. A comparison of daytime and nighttime ion distributions (Figure 9)
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reveals very strong differences. It appears that the ion transition level decreases
approximately 200 km fr ,)m day to night, decreasing the mean ion mass at 1000
km from 3 amu to nearly 1 amu. This change is caused by both the decrease in
T  and [0] from day to night. It will be shown by means of a study on the mid-
latitude field line that the variations of T e and [0] are of comparable significance
in their effect on the ion composition.
Figure 8 illustrates two cases (g, h) of the nighttime midlatitude field line.
Case g: Using "realistic" assumptions described in f, case g shows the ion and
temperature distributions along the nighttime midlatitude field line. Again we
see that the nighttime temperature decreases with increasing altitude as on the
other field line. Similar to the equatorial field line the transition level decreases
at night to approximately 600 km from its 1000 km level during the day. Figure 10
permits comparison of the midday and midnight distributions and demonstrates
this diurnal change in the transition level.
Case h: In this case the neutral oxygen density at 500 km was increased to its
daytime value to observe the effect on the transition level. This placed the
transition level at 750 km rather than at 600 km as in the "realistic" nighttime
case, g. From this we conclude, that the diurnal variation of both the electron
temperature and the neutral atmosphere significantly influence the ion compo-
sition.
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Figure 11 permits comparison of the "realistic" daytime and nighttime ion
distributions at midlatitude. The electron density increases all along this mid-
latitude field line from day to night. Consistent with satellite measurements
(Reddy, Brace, and Findlay, 1967) the electron density at 6.'1 km shows little
variation from daytime to nighttime at this latitude. Since the decrease of the
electron temperature and neutral oxygen concentration lowers the *~ansition level
to approximately 600 km at night, the associated electron density scale height
increases and leads to the observed midlatitude enhancement of N e at 1000 km,
shown in Figure 2.
This parametric study has allowed as to describe some features of the top-
side ionosphere and to evaluate their dependence on the energy inputs and the
neutral atmosphere. On this basis, we shall now discuss the results more gen-
erally and compare them with satellite ion composition measurements.
Discussion and Comparison with Other Results
Some of the most striking features of our results can best be described as
follows:
1. In the daytime there is a negative temperature gradient along low lati-
tude field lines and a positive temperature gradient along midlatitude
field lines.
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2. In the daytime the ion transition level exhibits a latitudinal variation
from 800 km near the equator to 1000 km. at midlatitudes.
3. The altitude of the transition level decreases at night to about 600 km
both at the equator and at midlatitudes.
4. The electron content in the midlatitude protonospheric field tube is
greater at night than during day.
The foregoing study leads to the following interpretation of the above major
feat-ires.
1. Because of the spatial variation of heat gain and loss of electrons and
ions along field lines, the balancing heat conduction can lead to an alti-
tudinal temperature decrease along equatorial field lines and for the
same conditions can lead to a temperature ir_--rease along midlatitude
and high latitude field lines. One could describe this feature by stating
that, in the topside ionosphere, the temperature gradient increases with
increasing latitudes. We have shown in Figure 12 the latitudinal be-
havior of the electron temperature deduced from our calculations along
several field lines under daytime conditions. Successive temperature
values on each field line are connected by thin lines thus sh!--ving the
attitudinal temperature gradient along individual field lines. As a con-
sequence of this latitudinal temperature gradient the temperature
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minimum at the equator becomes more pronounced with increasing
altitude. It also appears that the temperature maximum at midlatitudes
moves poleward at higher altitudes.
2. Primarily as a consequence of the daytime latitudinal temperature
variation the ion composition varies with latitude. The calculated ion
composition is shown in Figure 13, where the mean ion mass versus
latitude is plotted for various altitudes. Figure 14 shows a comparison
of these daytime results with the mean ion miase at 800 km derived from
Alouette I data by Thomas et al. 1966. The agreement is good. Ion
spectrometer measurements from OGO-C (Taylor, private communica-
tion, 1966) also agree with our calculated results.
3. Primarily as a consequence of the diurnal variation of the electron
temperature and neutral oxygen concentration, the ion transition level
decreases at night as shown in Figure 11, where these levels are plotted
versus latitude. The nighttime ion composition from which the transi-
tion levels in Figure 10 are derived is shown in Figure 15 as latitudinal
variation of the mean ion mass at various altitudes. Figure 14 also
shows a comparison with Alouette nighttime values of mean ion mass.
The agreement is quite acceptable.
4. The enhancement of the electron density from daytime to nighttime
along the midlatitude field line, shown in Figure 1.0, occurs because the
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decrease of the T e and 10; from day to night lowers the ion composi-
tion transition level and consequently increases the density scale height
at lower altitudes.
Figure 10 clearly reveals that a charged particle conservation in the protono-
spheric field tube does not exist because of the electron density enhancement at
all altitudes above 500 km along the midlatitude field line. It appears that this
behaviour is not necessarily in contradiction to the diffusion barrier described
by Hanson and Ortenburger (1961). The nighttime enhancement in the midlatitude
protonosphere may instead result from the very fast decrease of neutral oxygen
and the less pronounced decrease of oxygen ions above this diffusion barrier
because of the charge exchange reaction there. While neutral oxygen diffuses
downwards at night, more oxygen ions transfer their charge to hydrogen a6oms
than do protons to neutral oxygen; thus the proton concentration increases. The
loss to the oxygen ion population through conversion to protons via charge-
exchange could be continuously replaced by an upward diffusion of oxygen ions.
In this case, the diffusion barrier represented by the protons is less effective
than in the case where protons must diffuse through oxygen ions into the protono-
sphere. Whether this mechanism is actually responsible icr the described
diurnal variation in the protonosphere is an open question demanding a study
of the dynamic protonosphere-ionosphere coupling.
31
A few points regarding the limitations in this investigation need to be noted.
The region investigEted was limited to the topside ionosphere above about 500 km.
Therefore it was necessary to make calculations based on empirical boundary
conditions for electron density and temperature, which in a sense represent the
entire region below that considered here. Therefore our results depend upon
boundary conditions not theoretically described or explained in this paper.
Consequently this paper does not attempt to completely explain the behaviour of
Te and N e in the topside ionosphere. For the relative ion composition, however,
this limitation does not exist. We derived the relative ion concentration of H+
and 0+ without a priori assumptions concerning it. This was possible because
the composition is controlled by charge exchange rather than transport processes
at the lower boundary of the region where we started the calculation. Thus the
description of the ion composition and its temperature dependence can be re-
garded as independent of processes controlling the lower F-region, and therefore
some understanding of the compositional behavior of the topisde ionosphere has
been gained.
High Latitudes
A second limitation of this investigation was the restriction to low and mid-
latitudes. Above 50° our calculations failed to describe properly the ion com-
position in the topside ionosphere. The observed latitudinal variation of the mean
ion mass at 800 km (Thomas et al., 1966) shows a rapid increase above 50°, already
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reaching 16 amu at 600 . This is in contrast to our result shown in Figure 14
from which it appears that the mean ion mass decreases toward higher latitudes
after passing a maximum value at some 45%
Another observed feature of the topside ionosphere is the very rapid de-
crease of ion concentration observed from the OGO-A satellite (Taylor et al.,
1965), when traversing high latitude field lines at high altitudes. Regarding these
two observations as characteristic for high latitudes, it is possible to relate them,
and to explain why our approach does not predict them.
Let us assume that there exists an upward flux of protons into the protonosphere,
in contrast to the concept employed in this study. The effect of such a flux is to
decrease the proton concentration above the charge exchange region and thus to
increase the 0 +
 - H + transition level. Consequently an increase of this flux with
latitude could properly account for the above described observations and their
deviation from our result at high latitudes.
So the question arises as to how such an upward flux and its latitudinal in-
crease can be understood. For steady state conditions the concept of diffusion
along field lines (applied in this paper) implies that such a flux cannot arise be-
cause of the lack of chemical sinks in the protonosphere. So we postulate, that
diffusion across field lines maybe of importance in the sense that this diffusion
flux integrated over the protonospheric field tube must be balanced by a proton
flux through the bottom of the tube into the protonosphere. This integrated
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diffusion flux depends firstly upon the density gradient across the magnetic
field tune and secondly upon the volume of the tube. At higher latitudes, where
the field tubes become very large, the plasma diffusion across the field becomes
more significant and thus may cause the desired enhancement of the upward
flux at high latitudes. This in turn decreases the proton concentration and af-
fects the density gradient across field lines. Thus through diffusion across
field lines a strong coupling may exist at high latitudes between the density on
a field line and the density gradient across the field line. So actually this coupling
may effectively contribute to the observed high latitude features of the topside
ionosphere.
In order to maintain these fluxes and gradients across field lines ionization
has to be removed. This is possible through an escape of protons in the polar
region, where the field line configuration permits it. Such an escape of protons
could lead to an appreciable reduction in the proton concentration at the poles and
thus could maintain the density gradient across high latitude field lines in the
protonosphere, which may effectively reduce the concentration even at midlatitudes
through diffusion across field lines. It will be our future task to study this etfect
quantitatively.
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SUMMARY
The particle and energy continuity equations for electrons, protons, and
oxygen ions were simultaneously solved. By considering the primary source of
protons to be resonance charge-exchange between oxygen and hydrogen ions,
the spatial distribution of the two ion species could be derived without any
assumption concerning their relative concentration. The electron density from
Explorer XXII at 1000 km was adopted as the boundary condition for the ion
composition. Temperature data from Explorer XXII measurements were em-
ployed as boundary values to derive the temperature profiles. Because of de-
pendence of temperature and density distributions on the energy inputs and the
neutral gas composition, a study was conducted to obtain a quantitative insight
into various effects. The ion distribution is very sensitive to the neutral hy-
drogen concentration. Therefore, by comparing our results with electron
densities from Tiros VII we deduced a neutral hydrogen density of some
2 x 10 S/cm 3 at 500 km. Based on this value, we could show that the equa^orial
temperature minimum during day time (Figure 1) is associated with a tempera-
ture decrease along the corresponding field line, whereas the temperature maxi-
mum at some 40 0 latitude corresponds to a temperature increase up to high
altitui.,^s. Thus the latitudinal temperature variations is a feature of this change
of temperature gradient, which is a natural consequence of the energy balance
along different field lines.
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The ion distribution derived for the daytime shows a strong latitudinal
variation, so that the ion composition transition level increases from 800 km at
the equator to 1000 km at 40° latitude. This variation is in very good agreement
with ion spectrometer measurements and the latitudinal variations of the mean
ion mass derived from Alouette I. An investigation revealed that this variation
of the ion composition is primarily caused by the latitudinal variation of the
electron temperature, of which we claim to have some understanding. Studying
the nighttime situation, we could show that the ion composition transition level
occurs at about 600 km. Both the nighttime decrease of the plasma temperature
and the change in the neutral composition were found to be of comparable import-
ante for this decrease of the transition level. Our nighttime results also agree
well with ion composition data derived from Alouette. Furthermore, it was
shown that the observed nighttime enhancement of N e near 400 latitude is strongly
influenced by the nighttime decrease of electron temperature and neutral oxygen.
It appears that this enhancement occurs not only at 1000 km, as indicated by
Explorer =I (Figure 2), but all along the corresponding field line up to the
equator. Thus the concept of conservation of ionization cannot be valid in this
midlatitude field tube since a diurnal exchange of ionization between the ionosphere
and protonosphere occurs.
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Figure 5. Calculated T. and composition profiles along the daytime equatorial field line for case a (real-
isti--), case b (zero heating) and case c (high neutral hydrogen). See Tab'-t I for detailed assumptions.
Explorer XXI I inputs of T. and N e at 1000 km are shown.
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Figure 6. Calculated T. and composition profiles along the daytime midlatitude field line
for case d (realistic) and case a (zero heating). See Table I for further details.
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Figure 7. Calculated T. and composition profiles along the nighttime equatorial field line for the
"realistic" case f, shown in Table I.
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Figuie 8. Calculated T. and compositioi profiles along the nighttime midlatitude field
line for case g (realistic) and case h (high atomic oxygen).
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Figure 10. Calculated latitudinal variation of the transition level for midday and midnight.
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Figure 11. Comparison of day and night icn composition profiles along the midlatitude field
line. Note the nighttime enhancement along the entire field line above 500 km.
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Figure 12. Calculated latitudinal variation of T. at various altitudes. The Explorer XXII meas-
ments employed in the calcu!.7 1 -ion are shown with heavy line (1000 km). The points represent
the values calculated at the indicated altitudes along various field lines and are connected by
thin lines.
51
ALTITUDE, km	 DAY
16 500
M
Q 12
Cn
CnQ
750
Z
O
Z 8 1000
a
W
4
1500
2000 -
0 L.
60	 40	 20	 0
GEOMAGNETIC LATITUDE, DEGREES
Figure 13. Calculated daytime mean ion mass variation with latitude at various altitudes.
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